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ABSTRACT 

A postulated thermodynamic relation for elastic solids which equates 
the stress dependence of thermal expansion to the temperature depen- 
dence of reciprocal Young's modulus has been tentatively verified in 
earlier work by Rosenfield and Averbach (J. Ap. Phys., 27, 2 (1996). 
This thesis describes experiments which were intended to extend this 
verification, but which succeeded only in verifying quite closely 
the results obtained earlier for the temperature dependence of the 
reciprocal Young's modulus. %xperimental techniques utilizing a 
high temperature Tuckerman optical strain gase instead of the wire 
resistance strain gages employed by the earlier authors are described, 


and the difficulties encountered in their use are discussed. 
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1. dhtro@uctidn 

If we presume that Bean e depends only upon applied stress o- 
and upon the temperature T, and upon no other parameters such as 
time or stress history, 1.€., ¢€ =e (Oo , T)a State of affairs which 
may be thought of as characterizing an elastic solid, and if we 
presume that this dependence is "sufficiently continuous", then 

3 
se Beat] - Beer] | 

fhe coefficient of linear expansicn C{ is defined as se/ST 
for constant GO (Tis usually presumed to be zero), and, if the 
elasticity is linear, the rate of change se /aa at constant temp- 
erature is the reciprocal of the Young's modulus. Thus, the preceding 
equation becomes Sx/osojad( EMT where the ordinary, rather than 
partial, derivative has been written on the right, since Lb is not 
a function of 0 . However, c is a function of both T and & 

(i.e., = 0C(T,0-)) and the variation with respect to O-, a little 
recognized property, results from the fact that for most materials 
BH is a function of T. 

In the preceding discussion and in the experimental work whican is 
reported later in this thesis, the state of stress is taken to be 
uniaxial. However, it would not be difficult to modify the preceding 
equations so as to describe a genersl state of stress. 

In 1956, Rosenfield and Averbach verified the above relationship 
within their limits of experimental accuracy and utilized the theory 


that of would vary with stress to determine a "true elastic limit"[1] * 


*Numbers in boxes refer to the Bibliography which appears on Page 3.. 





_ - 


fur 1020 steel. Chess suthors also stated that the expansion coeffi- 
cient of steel under teasile load increases linearly with stress 
until the elastic limit is reached. il, #. Kunin and V. Ne Kunin [2] 
also studied this change in expansion coefficient with stress for 
coldeworked copper and found the coefficient to be linear with load. 
In both cases a very small temperature range was used (.iosenfisld 
and averbach 13°C to 28°C; Kunin end Kunin 1).98°¢C to h1.480°C). 
It was the ourpose of the present study to attempt to expand the 
range of experimentation to higher temperatures and compere the 


results to those of Rosenfield and Averbach. 





Ce vescription of apparatus 
A. Stress Application and Measurement 

Stress was applied to the specimen by means of a dead load testing 
machine, as shown in Figures 1 and 2. The capability of holding a 
constant load and the proximity of installed furnace temperature control 
units made it more desirable for this application than a standard 
hydreulically operated tensile testing machine. The machine was loaded 
by means of dead weights suspended from the end of the lever arm 
system. The lever arm rested on two case hardened knife edges. The 
upper swivel block also rested on a case hardened knife edge. A 
universal joint was connected to the upper swivel block, the lower 
end of which held an SR-l type U load cell. A turnbuckle was connected 
to the lower end of the load cell. [he upper universal joint and the 
double universal joint on the lower end of the system insured that 
the system had adequate freedom to prevent imposition of bending, 
torsional, or shear loadings. Following the upper turnbuckle was 
the upper pulling peprip, the specimen, the lower pulline grip, a turn- 
buckle and the lower universal joint. This system was connected at 
the bottom by bolting the lower end of the universal joint to the base 
of the dead load machine. A movable lead counterweight which balanced 
the lever system, was located on a screw extending from the front of 
the lever arm. 

Measurement of the load was accomplished with a Baldwin SR-l Type 


U load cell of 2,000 pounds capacity in conjunction with an SRel Type 
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(stréin itmicacer, wvzhée load tell was mounted as a part of the 
lifiaze, as describeu avove. 
E, otrain keasurement 

A Tuckerman autocollimator No, 3-366 and a Tuckerman optical exten- 
someter, both manufactured by the American Instrument Company, Silver 
Springs, Maryland, were used to measure the strain. 

The Tuckerma: autocollimator consists of an objective lens system, 
2 reticle consisting of a fiducial spot and a scale, a light source, 
and an eyepiece. A simplified diagrar, of the optical svstem is shown 
Ficure l}. Light from the fiducial mark is directed to the objective 
lens from which it em@rges as parallel light. The beam is reflected 
from the xtsnsometer mirror system back through the objective lens 
which focuses the light on the reticle. The reticle lies in the 
focal olané of the objéctive lens, which is aiso the plane of the 
real image. the magnified reticle scale and the image of the 
fiducial marksare therefore visible through th: *yspiece. 

The extensometer is one that has been developed by the American 
Instrument vComouny and the National Bureau of Standards for use at 
temperatures up to 500°F, The body of the sage is made of cold-rolled 
stezl and the lozenge is made of Star "J" metal, manufactured bv the 
Haynes Stellite Co. An 0.4 inch lozenge was used and rotates in a 
110° notch. The gage wes held in place on the specimen by a light 
soring. (See Figure 3). 


Readines taken with the autocollinator peroendicular to the: cage 
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Ficure 4. Fundamental optical diagram of the Tuckerman optical strain 
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depenu only on the angle between the two mirrors. If the autocolli- 
mated axis deviates from the perpendicular plane, the light will 
move at right angles to the scale and make it difficult to read the 
save, The standard optical strain gage for use at room temperature 
has 3 vlass roof prism in place of a fixed mirror and reduces this 
effect. However, the glass roof prism cannot be utilized at the 
higher temperatures because it would fail by cracking, [3 ] and the 
autocollimator must therefore be fixed in position in order to read 
the gage. 

A fixed clamp for holding the autocollimesor was manufactured and 
fixed to the body of the furnace so that the axis of the autocollimator 
remained perpendicular to the furnace, (See Figure 3). Alignment of 
the gage and autocollimator was thereby simplified. 

The decision to use the Tuckerman optical system for strain measure- 
ment was made aftsr consideration of various unconventional devices 
and resistance wire strain gages. Since the work previously done in 
this field was accomplished with resistance wire strain gages, a 
discussion of this type of measurement is in order, H. Muir [u | used 
resistance wire strain gages in showing tne effect of residual strain 
on the thermal expansion coefficient of steel. in his work, Dr. Muir 
covered a temperature range of 60,80F to 111.20F. A. 2. Rosenfield 
and B. L. Averbach in their work covered a range of only 55.°F to 
82.);0F, The experimental method used in both examinations was deve- 


looed by Dr. kuir end requires the use of invar for mounting the dummy 
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paves ‘ith invar heing used, it is easy to see that the strain in the 
Specimen due to thermal stress is measureable and that temperature 
compensation for changes in the gage alone is effected. This system 
is feasible for the temperature range covered; however, at temperatures 
above 1209F invar loses its invariant property and would no lonzer be 
effective in giving the required type of temperature compensation, 

The author studied the possibility of using fused quartz tubing 
as the dummy specimen and making allowance for its expansion arith- 
metically. It is believed that this method is the most feasible if 
resistance wire strain gages were to be used. Cther characteristics 
of the resistance wire strain gage enter into the decision, however. 
The gage factor would change considerably over a temperature range 
of 300 to 100°, requiring another correction, and reliable data on 
the thermal characteristics of the gage would have to be available, 
Finally, the difficulties involved in mountine the wire strain gages 
accurately conclude the list of disadvantages for this application. 
(H. Muir was able to obtain excellent reproducibility of expansion 
data with precision beins of the order of + 0.1 x 1076 in. /aneece S 

Althouzh many special cases of high temperature uses of resistance 
wire strain gages were found in the literature Ls, 6) 7; 8], in addition 
to the factors previously listed, it was felt that these methods were 
unsuitable due to lack of commercially available equipment (the gages 
being of laboratory construction) and insufficient time and equioment 


to attempt their manufacture in our own lavoratories. 
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C. Calibration 

The extensometer was calibrated to find the gage factor at room 
temperature by comparison with a standard Tuckerman extensometer for 
which the gage factor was known. A tensile test of a specimen was 
conducted with the standard extensometer mounted on it and subse-= 
quently with the hich temperature extensometer. A multiplication 
factor was applied to the value of # found with the high temperature 
extensometer to equate it to the value of 4 found with the standard 
extensometer. This multiplier was used throughout as the gage factor. 
The change in this gaze factor at hisher temperatures is stated by 
the manufacturer as less then one per cent at 5OO°F. This was deter- 
mined by P. I. Neaver of the National Bureau of Standards by use of 
a transfer system accurate to one per cent, in which the high tempera- 
ture sage was compared with the standard gage for temperatures up 
to SOO°F, 

In order to cycle the temperature of the specimen under constant 
load and obtain the coefficient of expansion of the specimen, an 
additional calibration curve was necessary to account for expansion 
of the sare body. This calibration was found to be necessary after 
attemptins to determine the coefficient of expansion by use of 
uncorrected extensometer readings. The slopes of the various 
expansion curves at constant load were not indicative of known values 
of the expansion coefficient for the specimen material. However, it 


was believed that this would not alter the results since the change 
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in the slope with stress was the desired quantity and this difference 
should be independent of the error due to the exoansion of the gage 
body. As long as the temperature of the gage body maintained the 
same rate of temperature change upon cooling as the specimen, this 
would be trué@e 

A tnermocouple was mounted in the gage body. A test run indicated 
that the sage body temperature in fact did vary in its relation to 
the specimen temperature due to its closer oroximity to the viewing 
port; therefore some type of correction was deemed necessary. It was 
then determined that if the temperature of the gage body at each read= 
ing was multiolied by an appropriate calibration factor, the true 
expansion curve could be determined. | 

Let A = B + CAT 
where A is the corrected reading 

Bis the actual extensometer reading indicating the relative 
expansion between the specimen and gage body 

C is a calibration factor and AT is the change in gage body 
temperature from the first readings of the test run. 

The appropriate calibration factor therefore would have to be 
such that the product CAT resulted in the true expansion of the 
gage body. 

To determine the calibration curve it was decided to conduct an 
expansion test on a material of known thermal coefficient of expansion 


and,ideally, one heaving a very low coefficient so that any errors in 
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the given data of the material would be small and the largest per- 
centage of the extensometer readings would be due to th2 expansion 
of the gage body. Fused quartz would fill this need, but was not 
readily available, so Vycor, which was on hand, was substituted. 

Vycor is a brand of glass manufactured by the Corning Glass 
Company. [37] It is composed of aoproximately 96% silica, the 
remainder being mostly boric oxide, and it may be compared with fused 
quartz in oroperties and performance. Tne Vycor brand glass starts 
out as a slass of normal characteristics and is then processed to 
remove practically all constituents except silica. it is then fired 
at hich temperature to complete the process. The linear coefficient 
of thermal expansion is stated by the manufacturer to be 8 x 16h 
in./ine-C, 

Two thermocouples were attached to the surface of a piece of 
Vycor with Sauereisen cement. The extensometer was then attached 
and the assembly was positioned in the furnace. bxtensometer read-= 
ing, extensometer temoerature, and specimen temperature were recorded 
throughout a temperature range of 50°F down to room temperature to 
conduct the calibration test. The calibration curve was produced 
by multiplying the extensometer readings by the constant that would 
cive strain readings at a constant temperature (3.313 x 10-1 
in./in./division) and plotting these on graph paver. ‘The expansion 


curve for Vycor was plotted on the same paper and added to the 





extensometer Strain Fe ings. “Me slope of ti ceslltire Curve was 
determined to be $292 x 107% in. /ine-9F anc was utilized as the 
calibration fsector. 

D. Temoerature Control and Measurement 

The furnace was an air types furnace having 27 feet of No. 17 
Nichrome wire wound around a refractory tube 2.5 inches inside 
diametar. A 2—inch diameter viewine port was placed in the side 
of the furnace and sealed with a pyrex window. The overall dia- 
meter of the furnace, including the insulation and extérior shell, 
measuréd 7 inches. 

The ends of the tube were sealed around the lLinkag@® of the deéac 
load machine by use of lavers of class wool insulation. <A Leeds and 
Northrup temperature recording controller, in conjunction with a 
duration adjusting temperature control unit, held individual thermo~ 
couple readings to a variation of + 2°F with time, although there were 
spatial gradients of about + 5° maximum even after steady state 
had been achiaved. The effect of the spatial variations was mini-~ 
mized by usinc average values; see Page 16, 

Two Chromel-Alurel thermocouples were olaceéd on the specimen as 
described in the section entitled "Exnerimental Trocedure", Page 15. 
In addition, a Chromel-Alumel thermocougl2? was silver soldered in 
a threaded nisce of brass and screwed into the body of the axten- 
someter. The output of these thermocounles was read by a poten 
Lioneter, Model ?732, manufactured by Rubicon Instrunsnts, 


shileadeinphia, Penns. lvania. 





3. irocedure 


fhe diameter of ths sp®cimen was measured at three locations on 
the sage length by means of rometer to the nearest 0.0001 inchts. 
ine averaze area computed from these readings was utilized in deter- 
mining the stress on the specimen during tests. 
Two holes, one at cach end of the specimen gage beneth, but oute 
side the extensometer gage length, were drilled in the surface of the 
. 


specimen. A Chromel-Alumel thermocouole was placed in eacn hole 


and the edges of tne hole were oesned over to hold the thermocouple 


-he specimen was then pleced in the grips of the dead-load machine, 
and the extensometer wes attached by use of a sorinzg mounted on the 
extensometer and encirclins the specimen. The furnace was then 

lowered into olace and the autocollimator was sighted on the exten- 
someter throush the viewing port and mounted in olace. 

Tensile tests were conducted while the specimen was held at tenp- 
eratures of approximetely 30, 150, 250, 350 and L50°F, At least two 
tests were conducted at each temperature to determine reproducibility. 
wacn run required aoproximately one and a quarter hours to complete 
siter the specimen reached the testine temperature and contained at 
least 20 ooints per run. 


The data recorded included the extensometer reading, the SR-l 


Type N indicator reading of the load cell output, and the potentiometer 
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reading of the two thermocouples mounted on the specimen. The load 
cell versus extenconeter readiness obtained were subjected to a 
least squares analysis to determine the slopes of the lines (see 
Appendix I). A scaling factor was then applied to the value of 
the slope to determine 3, 

Thermal expansion measurements were conducted while the soecimen 
was subjected to constant loads at approximately 5,000, 10,000, 15,000, 
20,000 and 25,000 psi. The elongation was measured by observing the 
Tuckerman optical strain gage, while load and temperature readings 
were obtained as in the tensile tests. In addition, a thermocouple 
was mounted in the body of the extensometer and its output was also 
recorded. Sy knowing the temperature of the gage body, it was 
possible to apply a correction factor for the error caused by the 
expansion of the gags relative to the specimen. This correction 
factor was previously determined and obtained as described in Tart © 


the preceding chepter. The specimen and extensometer were heated 


i-t 


of 
to 50°F and then cooled in increments, allowing temperature equili- 
Dejuim to be established at each point where temperature gnd extension 
readings were taken. This procedure was repeated for each Load. xach 
run required a 2lj-hour veriod to complete in order to insure steady 
state at each level of an average of 12 temperature levels. The 
avérage temperature of the two thermocouples was utilized as the 
soecimen temperature. The extensometer reading was corrected by 

means of the correction factor noted above. The corrected extensometer 


readings versus temperature readings were then subjected to a least 








squares analysis to iletermine the slepes of the lines. 








4. Results 
Table I lists the results obtained in this work and by Rosenfield 
and Averbach. 
tn Blt 
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Graphical results are shown on the followins two pares. 
plots shown utilize the symbol $ , which indicates the point 
obtained fron a statistical study (see Appendix I) with one standard 
deviation above and below the most probable value being indicated 


by the length of the line through the dot. 
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oo 50 100 150 200 250 
Temperature-°C 
Figure 5. 1/E versus temperature. Values shown were determined from 
a statistical study of experimental points of stress-strain tests 
at constant temperatures (see Appendix I). Dot in center of } indicates 
most probable value. One standard deviation above and below most 


probable value is indicated by vertical line through dot. 
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shown were determined from a statistical study of experimental points 


of strain versus temperature curves at constant stress (see Appendix 


I). Dot in center of : indicates most probable value. One standard 


deviation above and below most probable value is indicated by 


vertical line through dot. 
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Se wiscussion of Re 

To find the variation of ox /aq|_ over a wide range of temperatures 
requires an accurate determination of the nonlinear sortion of the 
relation between e and T for constant o- . It is necessary to employ 
a nonlinear term in order to show any change in CC with tempsrature. 

It became apparent early in the experimentation of finding the 
expansion curves that the data had insufficient accuracy to give a 
reliable value of the second order coefficient. The attention of 
the author was therefore focused on attempting to obtain an accept- 
able average value for do Jao |_ over the range of temperatures 
actually used. 

The average value of A(1/E)/dT was Lound to be 1.02 x 1071 4n,2/1p-0¢ 
and the averave value of 30/37] ues found to be }.53 x 10-1L ines, bo=cen 
both over the range 73-):500F, 

Rosenfield and averbach obtained values of AVEVYAT = 1.” and 
Co sx /so- |. = 0,6 and 1.0 for two specimens respectively. The 
value of d (VE)/d T obtained in this work compares favorably with the 
results of Nosenfiezld and Averbach,. 

fhe value of 3x /ar | _ obtained in tnis work does not appear to 
be neariy as accurate as that of Rosenfield and Averbach. if one 
postulates that the value of sx/ao | Should coincide with that of 

19 
d(V/E/d T within, say, ons standard deviation of the latter as 
determined in this study, namely, in the range 1.0¢ + O.le x 1o~11 


in.@/1b-°C, a probability analysis, given in Appendix I, shows that 





there is a probability of 0.015 that do Jao | determined as 
4.53 + 1.57 x 10711 in.¢/1lb-0C, would lie in this range in the 
absence of systemnatic error and presuming a Gaussian distribution 
of random error. The vorecedinz strongly suggests the presence of 
systemmatic error. Attempts to discover such systemmatic error have 
been unsuccessful. However, as the next paragraph shows, there are 
sources of error sufficiently large that a small systemmatic bias 
could result in significantly altered results. 

The cause of the large error in dx /ao |_in this work is 
attributed to the error involved in correction of the expansion of 
the extensometer with temperature. The nature of the gage thermal 
calibration was such that considerable uncertainty in the calibration 
factor was present due to furnace heat gradients, uncertainties of 
the stated properties of Vycor, and possible thermocouple error, The 
correction factor arising from this calibration was approximately ten 
times as great as the overall extensometer reading. 

The use of H. Muir's [4] method of using resistance wire strain 
gages to determine reproducible expansion data with precision of + 0.1 
x 1076 in./in-°C is apparently untried at elevated temoeratures where 
the effects of gage creep and change of gage factor with temperature 
become Significant. 

Although the method used in this study was found to have many 
sources of error, it is believed that with improvement of furnace 


design, the use of the Tuckerman optical system would prove to be 
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equal to, or better than, the resistance wire strain gage system for 
determining the modulus of slasticity at temoesratiurss to SOOOF, 
Further attempts at using the Tuckerman optical system for thermal 
expansion tests however is not recommended, 

The nature of the Tuckerman extensometer is such that fine accuracy 
is obtained at constant temperatures up to 5000F, In this study, the 
large temperature increnents used resulted in a definite change in 
Slope between the various stress-strain curves and therefore they 
aided in determining the value of dUAT over the whols temperature 
range. 

In contrast to this, the large temperature range necessitated 
the use of low stress levels in order to avoid exceeding the slastic 
limit, and thersfore hindered the sstablishment of differences in 
Slope of the various strain versus tempesrature curves. 

Rosenfield and Averbach, however, tested to hizh stress levels 
over a small temperature range, thereby increasing the accuracy of 
sufac |. » while decreasing the accuracy of d(ve VAT o> AN thee we ae 
they were not attempting to find toe variation of these parameters 
with temperature, but only the value at one particular temoeraturs. 
Their statement and that of Kunin and Kunin that the chanze in expan- 
Sion coefficient is linear with stress over the range tested is 
necessarily an approximation aopropriate within a smail temperature 
range of testing. 


In fact Sutherland, [10] in 1391, suggested that the ratio, 


23 





OO 


i= A/G cf the modulus of ricidity (3) te the modulus of ricidity 

at absolute zero (340) versus the ratio, X = T/T, of absolute 
temperature [T to melting temperature T), for any material follows the 
line Y= 1- X*, Using the relation 4 = 8/2(1+) valid for isotropic 
materials, we then find G/S.6 = B(1+A4,)/B,9(1t A). If the change 

of (Poisson's ratio) is assumad to be small, then B/E, 6 should 

also follow the line Y = 1 - cm {his would support the belief that 


ga/oe| os vary with temperature. 





6, Variation and srror 


urnece design and 


Tt) 


Two major sources of error were present. whe 
construction was such that a heat gpradient existed along the specimen. 
It is believed that although the mean value of the temperature indica- 
tions (of the two thermocouples mounted on the specimen) was used, any 
deviation of this value from the average temperature existing between 
the extensometer knife edges would be sufficient to cause errors in 
measurements of the coefficient of expansion. If the average tempera- 
ture was in error by LOF, and assuming anc of 1l x 10 in. /in.-F, 
then over the 1.2=inch sage length of the extensoneter with an exten- 
someter constant of 3.3133 x 10-4 in./division an error would be 
present of (°F x 11 x 1076 ier ier x 142 $ay6.3133 x lon} in. /div) 
= 0.0395 ~0.0h divisions on the autocollimator scale (see Aopendix 
II). Since the optical system allows readings to 0.02 divisions, 
this error would be large enough to influence strain readings. 

The National Bureau of Standards has develoved an air furnace with 
no heat gradients [11], but it has sealed and heated ends and no view- 
ing port and therefore would not be suitable for measurements under 
tensile stress or for use of the optical system. A commercial type 
marshall furnace with a viewing port and electrical taps from various 
oarts of the heating coil to control current flow and therefore the 
temperature was available. This furnace however, proved to be un- 
suited for this study because the viewing port was only S shale ip ala: 


diameter and a diameter of at least 13 inches was necessary to 





accommodats the optical system. ihe furnace ussd in this study could 
be anmproved if a study srere made of the heat loss through radietion 
and conduction ab the pyrex viewing sort and through the speciimen 
culling grips. The number of turns of Nichrome wire could then be 
adjusted in the region of the port to decrease the heat gradient. 
In addition, a more positive means of sealing the ends around the 
pulling grips could be devised to seal the furnace from air currents, 
The second major cause of error is dus to the expansion of the 
extensometer gage body itself. During thermal expansion tests the 
body of the gage will change with the temperature, thus causing the 
lozenge to rotate in opposition to the rotation caused by the 
expansion of the Specimen material, To account for this, the exten- 
someter was calibrated on a pisce of Vycor as described in rart C 
of the preceding chapter. The correction factor arising from this 
calibration and variations in gage body thermocouple readings was 
sufficiently large to mask the expansion of the specimen and give 
unsatisfactory results for the thermal expansion curves. The cali- 
bration was subject to error due to heat gradients in the furnace as 
described ebove, as well as possibly in the stated value of eo for 
Vycor, An analysis of the steps involved in determining ax foo | 


is shown below. 


e, = CAT = strain in gage body 
Oo 

GC. = 6.5 = = ain in specinme: 
5 = &59 — ©.5 strain in specimen 


(e ~e) = XK DIV (DIV denotes divisions indicated on collimator 
: os reticle) 
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(eeeeee 2. ~ 8.53 (e. ~ €._) + @.. = & 
gol nF om S Ec g - SC 


KADIV + CAT, =Ae_ 


xq = Ses = K ADiVa + C Alga a indicates stress level a 





ATs ATs2. 
AT. = change in specimen température 
~ from initial temperature 
Ad. = change in sage temperature from 
¢° initial temperature 
K ADIV, tC 4b 
X= RAS be b indicates stress level b 
ATs, 
let T.. =T.. 
S& sb 
Bey 0. Xp— Ka K (AW, = ADIVa) + CCAS» ~ ATaa ) 
Pb To At, AW 
ke 
= Vv, ~ADIV. & _(4T, — Ak 
= Bue (AP Vb a) + =—( = a.) 


It appears that the quantity( ABE A4e-) would go to zero since -23- 
would appear to approach unity, in which case 3K /Io- = Tee | -ADIY,) 
and the calibration factor C and gage temperatures would not enter into 
the final analysis. However, the ratio £2. does not equal unity in 
the exoerimental data and although at first glance the variation 

would appear to be minor it dogs alter the solution considerably. 


For instance, if the values of ADIV, At, and AT, from tests 


at 700C psi and 12,000 osi are substituted into the relationship 


above, 
“yj De SoS cx334.55 
12000 334.96 334.96 
ty _ Rxebe 4 CX 315.00 
1000 ~ 328.48 328.42 
8.48 328.48 
OX _ 12000 — % 7000, = KCMYX 334.46 1.22) 0(339.55*324.9%¢ =al5) 
Ao 5OO© 328.49 x 5000 SLG.48 X 506Ge 
AX 3.3433 xio'° 492 x1907!0 =11 “11 
ee SY OF oe lee SS) 652k Orl<. 1G Xie 
Ao 1.6424 eae” 1.6424 \ oo | arate 
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Suppose that there were a 2° error in the 315,00° temperature 
reading used in the oreceding calculation. Then the difference 
of 20.1h° appearing in the numerator in the second term would be 
reduced to 18.19 or increased to 22.1) and the term itself could 
show a variation from 10.96 to 13.37 x 1074) 4 range of 2.1 x 10-11, 


A 2° error in temnerature determination is certainly a possible error 
and this analysis shows that it can result in variations in calculated 
results that are themselves larger than the strain gage determinations. 
Thus it is readily apparent that small errors are able to alter 
considerably the results of 0/30] _ by changing the value of the second 
term above. 

Since the correction involved was about ten times the value of 
the uncorrected extensometer reading, the author believes that the 
complete system of using the optical extensometer for thermal expan- 
Sion tests is unsuitable. Notice however that these errors are 
predominant in thermal expansion measurements, but do not affect the 
tensile tests at constant temperature. Once the extensometer has 
steadied out at a particular temperature, its accuracy is maintained 
as previously discussed. 

In addition to these major sources of error there are others. At 
elevated temperatures the heat gradient in the furnace sets up convec- 
tion currents. These currents produce changes in air density with 
temperature and in the area of the observation window the light beam 
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from the autocollimator is refracted. This refraction of the light 
oO 





beam results in a blurrinz of the fiduciary spot, as viewed through 
the auvocollimator. After considsrable use of the instrument under 
these conditions, a facility was developed in obtaining readings 
that are considered repeatable with occasional errors of + .Oh 
divisions. 

According to Paul H. Dike of the Leeds and Horthrup Company 
[12\, Chromel-Alumel thermocouples have limits of error as set by 
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the wire manufacturer of + 5F° in the range of 32 to 660°F, These 
limits however, are for random selection of stock wire. The wire 
used was duplex wire having a stated error + 3F°, 

In addition, there is a temperature error due to the degree of 


contact between the thermocouple and specimen, and due to radiation 


‘from or to the thermocouples. 


PO 
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7. Cnritlusions 

These experiments tend to vérify the value of d(VA)AT as obtained 
by ttosenfield and Averbach, The value £ dK /30|_ obtained in this study 
involves a large error and does not agree with the values of A( ve) /dT 
or with the result obtained by Rosenfield and Averbach. 

The results obtained by uss of the Tuckerman optical strain gage 
for tensil= tests at elevated terveratures were considered good and 
the use of this procedure for determining the elastic modulus is 
worthy of continued investigation with improvement of furnace design. 

Use of the Tuckerman Optical strain gage for thermal expansion 
measurements is not recommended due to the large change in extensometer 
gage length with chanszine temperatures. A continuation of this study 
could utilize the micrometer clilatometer method as defined by Lement, 
Roberts and Averbach (13). 

The thermodynamic relationship stated in the Introduction is an 
interesting one which remains et this moment relatively unexplored. 
The work of Rosenfield and averbach verified its validity only over 
a very Limited tempsrature range and with a large factor of uncertainty. 
The present study, falling short of its objectives, merely tends to 
verify a part of Rosenfield and Averbach's data. Since the relation-~ 
ship is a fundamental one, its more general verification would add 
to understanding of the behavior of solid materials and the confidsnce 
with which one can postulate that (under Shortetime, low-load 


conditions) strain is a function only of temperature and stress. 
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Accordingly, it is recommended that continued work be done to verify 
this relation experimentally, perfecting the techniques which.were 
found by the present study to be sound and devising alternate and 
appropriate technicues to replace those which this study finds to 


be unsound. 
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APSSwoix 1 
NUMSRICAL ANALYSIS OF DATA 

A statistical analysis of curves of e = e(T) (strain as a 
function of temperature), e = e(o) (strein as a function of stress), 
(VE)/AT jean dK/so-]_ to determine the slopes of the various curves 
was accomplished using the Control Data Corporation 160 digital 
comouter, installed at the U. 5. Naval Postgraduate School, using 
programs available in the computer pro-sram library. 

The coefficients, a and b, in the equation y = a + bx were deter- 
mined by submitting the experimental test data to the statistical 
analysis generally referred to as "the method of least squares" a 
detailed study of which can be found in J. B. Scarborough's "Numerical 
Mathematical Analysis", fis] 

The procram for this reducticn of data was titled "Lina Fit" and 
was available in the computer program library. The vorozram could not 
acconmodate the weighting of ovoints, but did give the standard cdevia- 
tion of the coefficients a and b with their mean values in the output. 

The input was on punched cards. Each card will accommodate six 
experimentally determined points in the form Xq1 Vy XoV Xa 3° és © a 
X6¥6 where x and y are six digit numbers. 

In the determination of the slones of the tensile test curves 
approximately 2° points were used for the input data of each curve 
and the coefficients wers determined for ten different curves at 
constant temoeratures. In the determination of the slopes of the 


thernal expansion curves approximately 12 points were used for the 


input deta of cadh of vic. curves at constant stress. In the case 
of thermal expansion measurements, the raw data of divisions of 
Strain vérsus température was first placéd in the form of stnrein 
versus temperature by, 1) multiplying the divisions of strain by 
the appropriate constant (see Appendix II) to convert the value to 
strain (in./in.); 2) adding to this the product of AT of the gaze 
body tines the calibration factor (see Pagel for discussion of the 
determination of calibration factor). Tensile test data was entered 
on the cards in the form of Type l! indicator reading (in./in.) 
and divisions of strain. The output value of the coefficient b was 
multiplied by an aporopriate constant (see Appendix II) to vive &. 
The "Line Fit" program of least squares analysis computes the 
coefficients a and b by solving the following equations for the 


input data: 


a) ey 2 x ee, 
he xX? = (Se 
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NoauxXy-SxD\ 
hx =( Se 


where n is the number of points and x and y are ordinate and absicca 
of the inout data, 
Probability analysis of error in oxfam t-, 

In the discussion of results, it is stated thet there is a 0.015 


probability that the value of rMfy}asine the experimental technique 
ali 


of this somé vould fall within the limits of d(VEYAT 2 this value of 
0.015 was determined by use of the normal curve of error and tables 


on vave 2h) of Reference [ib]. To enter the tables, first find the 


e 
number of standard deviations (t) required for the value of do fax | 


to fall within th» limits of d(/@Tas follows. 


Gene) 5 
< 16 


musre .53 is the mean value of &fo |, 1-1) is the mean value plus 


Mp 
one standard deviation of A(VEY/AT an 1-57 is the standard deviation 


or am /ao | y all in units of 1074/psj-0c, ntering the tables with 


% = 2.15, a value for the probability is obtained equal to 0,015. 
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HAP ONDIX IT 
Jerid TNATION OF SONSTanTs 
This Appenii. includes the derivation of the various constants 
utilized in the reduction of data and referred to throughout the 
body of this work. 
(1) Strain can be calcvlated by the equation: 


S = AxLxR/#x1000 (from Aminco-Tuckerman Optical Strain 
Gage System Instructions No. 750) 


where (S) is strain in inches per inch, (A) is the autocollinator 
calibration factor (given by the manufacturer), (L) is lozenge size 
in inches, (R) is the difference in autocollimator readings, and 


othe 


oO 


(&) is the sage len 


A = 1,003 
L = 0.4 inches 
E = 1.2 inches 
LOoBK HXR 8 ee a oe 
5 WacsS = 3.3433 x 10° R in./in. 


(2) Stress may be calculated by th? equation: 
O = I/2xk psi 
. 4 m Ae Oa RE : : — fo \ 2 
where (I) is the SR-l Type N indicator reading zin./in., (2) is the 


SR-l) Type U load cell calibration factor min./in.-1b, (A) is the 
2 


« 


cross-sectional ar2a of the ssecimen in. 


Dee gO ine) ue 
A= WDe/y = ax .2501°/h = .0912 in.2. 


O-= I/h.0 x .04912 = I/.1965 psi. 


Sift 























